Magnetic graphite suspensions with reversible thermal conductivity by Sun, P.c. et al.
 
 
Magnetic graphite suspensions with reversible
thermal conductivity
Sun, P.c.; Huang, Yahui; Zheng, R.t.; Cheng, G.a.; Wan, Q.m.; Ding, Yulong
DOI:
10.1016/j.matlet.2015.02.104
License:
Other (please specify with Rights Statement)
Document Version
Peer reviewed version
Citation for published version (Harvard):
Sun, PC, Huang, Y, Zheng, RT, Cheng, GA, Wan, QM & Ding, Y 2015, 'Magnetic graphite suspensions with
reversible thermal conductivity', Materials Letters, vol. 149, pp. 92-94.
https://doi.org/10.1016/j.matlet.2015.02.104
Link to publication on Research at Birmingham portal
Publisher Rights Statement:
NOTICE: this is the author’s version of a work that was accepted for publication. Changes resulting from the publishing process, such as
peer review, editing, corrections, structural formatting, and other quality control mechanisms may not be reflected in this document. Changes
may have been made to this work since it was submitted for publication. A definitive version was subsequently published as P.C. Sun, Y.
Huang, R.T. Zheng, G.A. Cheng, Q.M. Wan, Y.L.  Ding, Magnetic graphite Suspensions with reversible thermal conductivity,  Materials
Letters, http://dx.doi.org/10.1016/j.matlet.2015.02.104
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Feb. 2019
Author's Accepted Manuscript
Magnetic graphite Suspensions with reversi-
ble thermal conductivity
P.C. Sun, Y. Huang, R.T. Zheng, G.A. Cheng, Q.M.
Wan, Y.L. Ding
PII: S0167-577X(15)00312-2
DOI: http://dx.doi.org/10.1016/j.matlet.2015.02.104
Reference: MLBLUE18560
To appear in: Materials Letters
Received date: 13 November 2014
Revised date: 20 February 2015
Accepted date: 22 February 2015
Cite this article as: P.C. Sun, Y. Huang, R.T. Zheng, G.A. Cheng, Q.M. Wan, Y.L.
Ding, Magnetic graphite Suspensions with reversible thermal conductivity,
Materials Letters, http://dx.doi.org/10.1016/j.matlet.2015.02.104
This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal
pertain.
www.elsevier.com/locate/matlet
1 
 
Magnetic Graphite Suspensions with Reversible Thermal Conductivity  
 
P. C. Sun
1,2
, Y. Huang
 1*
, R. T. Zheng
2
, G.A. Cheng
2
, Q.M. Wan
1
, and Y.L.Ding
3 
1
State Key Laboratory of Multi-phase Complex Systems, Institute of Process Engineering, 
Chinese Academy of Sciences, Beijing 100190, China 
2
Key Laboratory of Radiation Beam Technology and Materials Modification of Ministry of Education, 
Beijing Normal University, Beijing 100875, China 
3
School of Chemical Engineering, University of Birmingham, Birmingham B15 2TT, UK 
*Corresponding-author. Postal address: Institute of Processing Engineering, Chinese Academic of 
Science, Beijing, China(100190); Tel/fax:+86 10 82544814; Email: yunhuang@ipe.ac.cn(Y. Huang). 
ABSTRACT: 
Magnetic graphite nanoflake(GN) suspensions with reversible thermal conductivity(TC) are reported. A 
process of sulfuric acid intercalation, microwave expansion magnetization, and ultrasonic dispersion is 
followed to make magnetic GN Poly-Alpha-Olefin(PAO) suspensions. Magnetic field was observed to 
increase the TC of the suspensions dramatically, up to 325%with 0.8% (w/w) of magnetic GNs. After 
removing the magnetic field, the TC trends to decrease reversibly. The maximal TC contrast ratio reaches 
3 times before and after the effects of magnetic field. Such materials with magnetically reversible TC 
have great potential in next generation “smart” cooling devices. 
Keywords: Magnetic graphite nanoflakes, Suspensions, Thermal conductivity, Reversible, Magnetic field. 
1. Introduction: 
Environmental response materials with reversible tuning electrical and thermal conductivities have 
great potential in many applications, such as sensors, smart devices, and thermal storage[1-5]. The tuning 
2 
 
of electrical conductivity could be realized through phase change for specific solid materials[1]. In 
contrast, due to the little variation of TC during the solid-state phase transitions, tuning of thermal 
conductivity is difficult for single component materials. Suspensions composed by nanomaterials and 
base fluid with distinct tunable TC have great potential for fabricating novel “smart” materials. By 
reversibly building and dismantling the phonon conduct path of nanomaterials in the base fluids, the TC 
of the suspensions could be regulated effectively. For example, TC of the phase change nanocomposites 
could be regulated by temperature controlled crystallization process[2,3,6]. The biggest TC contrast ratio 
around the phase transition point reaches to 3.2 times for GNs/hexadecane composites[2]. And TC of the 
ferrofluids could be regulated by the effects of magnetic field[7-10]. Due to the dipolar interaction, the 
magnetic particles tend to align themselves along the direction of the magnetic field, which enhances the 
TC significantly[8,9,11]. After removing the magnetic field, the TC of the suspensions tends to decrease 
reversibly. The biggest TC contrast ratio of ferrofluids is reported to be 2.7 with 4.5% (V/V) Fe3O4 
nanoparticles before and after the effects of magnetic field[7].  
The TC of GNs can reach 2000W/mK, which is much higher than that of Fe3O4 particles[12]. And the 
GNs with larger specific surface area are expected to form the phonon conduct paths easier. In this letter, 
we report a convenient way to magnetic GN suspensions with magnetically reversible TC. The biggest 
TC enhancement of the suspensions is found to be 325% with 0.8% (w/w) of magnetic GN. The maximal 
TC contrast ratio before and after the effect of magnetic field reaches 3 times at the weight fraction of 
0.6%.  
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2. Experiments 
Expandable graphite was prepared from natural graphite (Asbury Carbons) by a chemical intercalation 
method. For the intercalation process, 2.2g of natural graphite was reacted with 100ml of the oxidative 
agent(mixture of H2SO4 and H2O2 with mole ratio of 10:1) at room temperature for 60 min. Then the 
slurries were rinsed with distilled water, followed by filtering and baking on a hotplate at 100°C for 24 h. 
Fe3O4 decorated graphite worms were obtained by thermal expansion of the mixture of expandable 
graphite and ferric-acetylacetonate(1:1 in weight) in a 750W commercial microwave oven (HAIER) for 
120s. The magnetic graphite worms were then dispersed in PAO by using a high-intensity ultrasonic 
probe (JY98-IIIDN, 400W, NingBoXinZhi) to create a 0.8% weight fraction of magnetic GN suspensions. 
The obtained uniform suspension was then dispersed in PAO and further ultrasonication was performed 
to obtain 0.2, 0.4, and 0.6% suspensions. The dispersions become stable suspensions after they cool to 
room temperature. 
The morphologies of magnetic graphite worms and nanoflakes were observed by a scanning electron 
microscopy (SEM, S-4800, HITACHI). The microstructures of magnetic GNs were examined using a 
transmission electron microscopy (TEM, H600, HITACHI). The phase structure of magnetic GNs was 
analyzed by XRD(X' Pert PRO MPD, Cu target). Magnetic property of the suspensions was characterized 
by a vibration sample magnetometer (VSM, LakeShore7307). A transient hot-wire instrument was used to 
measure the TC of the magnetic GN suspensions at 25°C. The uniform magnetic field to the suspensions 
was generated by a solenoid, with the field tuned by a programmable current source.  
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3. Results and discussion 
  The morphologies and structures of the samples are showed in Fig.1. After microwave expansion 
magnetization, expandable graphite transforms to graphite worm, which show expanded layer structures 
with attached nanoparticles (Fig.1(a)). Fig.1(b) shows the graphite worms are magnetically activated by 
the decoration of magnetite (Fe3O4). The SEM image shows many nanoparticles (with size of tens nm) 
attached to the surface of the GN. However, the density, size and distribution of the nanoparticles on the 
GN are not uniform due to the scrolling induced curvature of GN(Fig.1(c)). The size of the GNs is about 
several microns, the thickness of the nanoflake is around 8 nm with about 20 single layer structures 
(insert image of Fig.1(c)). Distribution of the nanoparticles attached is further characterized by TEM. In 
Fig.1(d), we can see substantial small nanoparticles(around 10 nm, insert image) are attached on the 
surface of GNs. Meanwhile, there are some big nanoparticles with diameter around 30-50nm among the 
tiny nanoparticles.   
 
The phase of the magnetic GNs is examined by XRD and the pattern of the sample is shown in Fig. 2. 
The reflection peaks at 26.5
o
 and 54.7
o
 are from GNs. The peaks of 30.1
o
, 35.5
 o
, 43.0
 o
, 53.5
 o
, 57.2
 o
, and 
62.7
 o
 in the patterns can be indexed to the facecenter cubic phase of magnetite(Fe3O4) with lattice 
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parameter of a=8.374 A˚, which are in agreement with the standard values(JCPDSfileno.01–1111). As no 
impurity is observed, the XRD pattern confirms that the components of magnetic GNs are graphite and 
Fe3O4. 
 
Fig. 3 shows magnetization curves of the magnetic suspensions with different amount of GNs at 
room-temperature. The saturation magnetization of the suspensions enhances with the increase of 
magnetic GNs weight fractions, within the range of 0.094emu/g (0.2%w/w) to 0.826emu/g (0.8%w/w). 
The suspensions with the weight fraction of 0.2%, 0.4% and 0.6% show super-paramagentic behavior, 
while the sample with 0.8% exhibits small magnetic hysteresis. Such results indicate that the tiny Fe3O4 
nanoparticles with single magnetic domain dominate the super-paramagentic properties of the 
suspensions. The small magnetic hysteresis in the high weight fraction should be caused by the big Fe3O4 
nanoparticles with multi magnetic domain. The super-paramagentic properties are beneficial for the 
reversible control of the GNs conduct path by magnetic field. 
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Fig.4a shows the TC variation of the magnetic suspensions with different GN weight fraction as a 
function of magnetic field. It reveals that the TC increases with the magnetic field at the beginning, 
reaches the maximal values, then tends to decline. The biggest TC enhancement is 325% at the weight 
fraction of 0.8%(w/w), the corresponding magnetic field is 475G. Similar to the ferrofluids, phonon 
conduct paths could be formed by magnetic GNs under the effects of the dipole-dipole interaction in 
appropriate magnetic field. The increase of the conduct paths could explain the enhancement of TC. As 
the magnetic field is increased continually, the magnetic GN aggregations becomes bigger and bigger. 
The growing GN clusters induce inhomogeneous of the suspensions, the local concentration of GNs 
around hot-wire could be reduced, which makes the measured TC lower[10].  
After reaching the maximum TC, the reversible decline of TC is observed as we remove the magnetic 
field. The re-dispersion of GNs which is caused by liquid convection and brownian motion should be 
responsible for the observation[3]. The biggest TC contrast ratio before and after the effects of magnetic 
field is 3 times for the suspensions with 0.6% (w/w) GNs. The repeatability of TC variation of the 
suspensions (0.6%w/w) with magnetic field is shown in Fig.4b. Along with the first five cycles, the 
biggest TC with magnetic field decreases from 0.493W/mK to 0.448W/mK. The TC without magnetic 
field increases from 0.162W/mK to 0.187W/mK. The corresponding TC contrast ratio decreases from 
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3.04 to 2.40. The TC variation during the repeatability test should be caused by the growing magnetic GN 
clusters under the repeated regulation of magnetic field. The growing clusters are beneficial for the TC in 
the original state because of the local percolation behavior. In contrast, the small clusters are easier to 
form the conduct paths in base fluid under the effects of magnetic field[2, 3]. Therefore, the biggest TC 
with the effects of magnetic field decreases with the increasing cycles. Our result shows the TC switching 
of the suspensions are repeatable, the stability of the switching may be improved by appropriate 
functionalization of the GN[2,3]. 
 
4. Conclusion 
  We developed a convenient way to fabricate magnetic graphite suspensions with high TC enhancement 
under the effects of magnetic field. The biggest enhancement of the TC is 325% with 0.8% (w/w) of 
magnetic GN. The TC trends to decrease reversibly after removing the magnetic field. The maximal TC 
contrast ratio before and after the effects of magnetic field reaches 3 times at the weight fraction of 0.6%. 
GN suspensions with magnetic field tunable TC have great potential for the “smart” cooling application 
in nano and microelectromechanical systems (NEMS and MEMS). 
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 Figure Captions: 
Fig.1. (a) SEM image of magnetic graphite worm, (b) photograph of magnetic active graphite worms, (c) 
SEM image of GN with Fe3O4 nanoparticles(insert picture is HRTEM image of GN edge),(d) TEM image 
of GN with Fe3O4 nanoparticles(insert picture is HRTEM image of the small nanoparticle). 
Fig.2. XRD patterns of magnetic graphite worms. 
Fig.3. Magnetization of magnetic suspensions with different GN weight fractions. 
Fig.4. (a) TC variation of magnetic suspensions with different weight fraction of GNs as a function of 
magnetic field, (b) repeatability of TC variation of the suspensions with 0.6％(w/w) GNs, circles and 
squares indicate the biggest TC with magnetic field and lowest TC without magnetic field during the 
different cycles, respectively. 
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Research highlights: 
1. Magnetic graphite suspensions are fabricated based on microwave expansion magnetization. 
2. The biggest TC enhancement of the suspensions under the magnetic field is 325％. 
3. TC of the suspensions is regulated reversible by magnetic field. 
4. The maximal TC contrast ratio before and after the effects of magnetic field reaches 3 times. 
